We report the direct observation of Landau quantization in Bi 2 Se 3 thin films by using a low-temperature scanning tunneling microscope. In particular, we discovered the zeroth Landau level, which is predicted to give rise to the half-quantized Hall effect for the topological surface states. The existence of the discrete Landau levels (LLs) and the suppression of LLs by surface impurities strongly support the 2D nature of the topological states. These observations may eventually lead to the realization of quantum Hall effect in topological insulators.
The recent theoretical prediction and experimental realization [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] of topological insulators (TI) have generated intense interest in this new state of quantum matter. The surface states of a three-dimensional (3D) TI such as Bi 2 Se 3 [12] , Bi 2 Te 3 [13] , and Sb 2 Te 3 [14] consist of a single massless Dirac cone [9] . Crossing of the two surface state branches with opposite spins in the materials is fully protected by the time-reversal (TR) symmetry at the Dirac points, which cannot be destroyed by any TR invariant perturbation. Recent advances in thin-film growth [15, 16] have permitted this unique two-dimensional electron system (2DES) to be probed by scanning tunneling microscopy (STM) and spectroscopy (STS) [17] . The intriguing TR symmetry protected topological states were revealed in STM experiments where the backscattering induced by nonmagnetic impurities is forbidden [17] [18] [19] . Here we report the Landau quantization of the topological surface states in Bi 2 Se 3 in magnetic field by using STM and STS. The direct observation of the discrete Landau levels (LLs) and the suppression of LLs by surface impurities strongly support the 2D nature of the topological states. Furthermore, the dependence of LLs on magnetic field is demonstrated to be consistent with the cone structure of the surface states. The formation of LLs also implies the high mobility of the 2DES, which has been predicted to lead to topological magnetoelectric effect of the TI [7, 20] .
The experiments were conducted at 4.2 K in a Unisoku ultrahigh vacuum low-temperature STM system equipped with molecular beam epitaxy (MBE) for film growth. As shown in previous works [15, 16] , the MBE films of TI have lower carrier density than those prepared by the self-flux technique. We epitaxially grew the single crystalline Bi 2 Se 3 films on graphitized 6H À SiCð0001Þ substrate, which is nitrogen doped (n type) with a resistivity of 0:03 =cm and thickness of 0.1 mm. The graphene was grown on SiC by thermal desorption of silicon at 1300 C after the sample had been heated to 850 C in Si flux for several cycles to form Si-rich 3 Â 3 reconstruction. High purity Bi (99.999%) and Se (99.999%) were thermally evaporated from Knudsen cells. The temperatures of the Bi source, the Se source, and the substrate are 455, 170, and 230 C, respectively. Figure 1 [21] [22] [23] or triangular depressions, which can be assigned to the substitutional Bi defects at Se sites or the Se vacancies, respectively.
In STS, the differential tunneling conductance dI=dV measures the local density of states (LDOS) of electrons at energy eV, where Àe is the charge on an electron. Figure 1(d) shows the dI=dV spectrum on the Bi 2 Se 3 surface at zero magnetic field. The Dirac point of the topological states corresponds to the minimum (indicated by an arrow) of the spectrum and is about 200 meV below the Fermi level. However, the Fermi level determined by angle-resolved photoemission spectroscopy (ARPES) [16] on 50 QL film is only 120 meV above the Dirac point [24] . The discrepancy is due to the electrostatic induction by the electric field between the STM tip and sample, which has been observed in 2D systems with low electron PRL 105, 076801 (2010)
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week ending 13 AUGUST 2010 0031-9007=10=105(7)=076801(4) 076801-1 Ó 2010 The American Physical Society density [25] . The MBE film of Bi 2 Se 3 with high quality is a bulk insulator. The surface states of the film are fully responsible for screening and susceptible to external electric field due to the low density of states. The density of the induced charges on the surface in the presence of a tip is roughly given by 0 V=d, where V and d are the sample bias voltage and the distance between tip and sample, respectively. With V $ 100 mV and d $ 1 nm, the induced density of electrons is typically in the order of 10 12 cm À2 , which is comparable to the intrinsic carrier density on the surface without a tip. With negative bias voltage as shown in Fig. 1(e) , the field effect moves the Dirac cone (and also the Dirac point) downwards to accommodate the induced charges, leading to a bias-dependent Dirac point.
If the electrostatic effect is negligible, a quantum state can be accessed by STM at bias voltage V ¼ E=e, where E is the energy of the state with respect to the Fermi level. However, in the case of Bi 2 Se 3 , eV and the energy E of a state on the Dirac cone without a tip are considerably different. To take into account the electrostatic effect, we consider the simplest approximation which models the tunneling junction as a parallel plate capacitor. Knowing the energies of the Dirac points with (E D ¼ À200 meV) and without (E 0 D ¼ À120 meV) a tip, a straightforward calculation leads to
The calibration by the above equation is needed to reliably interpret the STM data on topological insulators. When magnetic field is applied to a 2DES, the energy spectrum of the system is quantized into LLs as shown in previous experiments on various 2DESs [25] [26] [27] [28] [29] [30] . For topological insulators, the high quality of the MBE films ensures the observation of LLs. The magnetic field dependence of tunneling conductance in Fig. 2 clearly reveals the development of well-defined LLs (the series of peaks) in Bi 2 Se 3 with increasing field. The spectra demonstrate a direct measurement of the Landau quantization of the topological surface states. Under strong magnetic field, more than ten unequally spaced LLs are explicitly resolved above the Dirac point (for example, see the black curve for a magnetic field of 11 T in Fig. 2 ). Very likely, the absence of LLs below the Dirac point results from the overlapping of the surface states with the bulk valence band [12] . 
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We further confirm the 2D nature of the quantized states by evaporating Ag atoms onto the surface of Bi 2 Se 3 [ Fig. 3 ]. Presumably, the LLs are sensitive to the defect scattering if the impurities are located within the 2DES. Compared with the undoped samples, the Dirac point shifts downwards in energy because of the electron transfer from the Ag atoms to the substrate. At low defect density [ Fig. 3(a) ], no explicit change in the tunneling spectrum has been observed. The defect scattering comes into effect [ Fig. 3(b) ] when the distance between impurities in the 2DES is comparable to the magnetic length l B $ ffiffiffiffiffiffiffiffiffiffiffi @=eB p $ 10 nm at 11 T, where @ is Planck's constant h divided by 2. Finally, at even higher Ag atom coverage [ Fig. 3(c) ], the Landau quantization is completely suppressed as expected. The presence of distinct peaks and the suppression of LLs by surface impurities strongly indicate that the peaks in Fig. 2 is due to Landau quantitation of the topological surface states within the bulk gap of Bi 2 Se 3 .
The Landau quantization of the topological states of Bi 2 Se 3 has some common features with that of graphene [27] [28] [29] . Unlike the Landau levels of a 2DES with parabolic dispersion, the peaks in the spectra in Fig. 2 are not equally spaced. In addition, there is always one peak residing at the Dirac point (À200 mV) in each dI=dV spectrum. The energy of such LL is independent of the magnetic field [31] . In the lowest order approximation, the topological surface states of Bi 2 Se 3 can be modeled by the massless Dirac equation. Unique to the massless Dirac fermions, the energy of the nth level LL n has a squareroot dependence on magnetic field B:
where v F is the Fermi velocity. Here we neglect the effect of the Zeeman splitting which only leads to a correction of about 1 meV to the Landau level spectrum for the magnetic field range (B 11 T) we used. The number of electrons per unit area on a Landau level is proportional to the magnetic field and given by n L ¼ eB=2@. Notably, the Dirac fermion model shows that the energy of LL 0 is independent of B. We therefore identify the peaks at the Dirac point (indicated by the vertical dotted line at À200 mV in Fig. 2 ) as LL 0 . As predicted by the field theory of topological insulators, the existence of such zero-mode level is crucial for the topological magnetoelectric effect defining the TI [7, 20] . Leaving the n ¼ 0 level empty or completely filling it gives rise to the quantum Hall effect with Hall conductance À1=2 or þ1=2 in units of e 2 =h. The Dirac fermion nature of the electrons is further revealed by plotting the energy of LLs, which has been calibrated by Eq. (1), versus ffiffiffiffiffiffi ffi nB p [ Fig. 4 ]. The peak positions of LLs are determined by fitting the differential conductance in Fig. 2 with multiple Gaussians. In Fig. 4 , all the data collapse to a single line, suggesting that the energy of LLs is scaled as ffiffiffiffiffiffi ffi nB p . Fitting the data to a week ending 13 AUGUST 2010 076801-3 straight line gives v F ¼ 3:4 Â 10 5 m=s, which is compared to 5 Â 10 5 m=s by ARPES measurement [12] . The difference is probably due to the nonlinearity of the band dispersion. The value of v F depends on the position of the Fermi level, which varies in the samples prepared by different methods [12, 16] .
The observation of Landau quantization may eventually lead to the realization of quantum Hall effect in topological insulators. Further efforts are required to design a feasible procedure to fabricate the multiterminal devices based on topological insulators for transport measurements. The STM topographic images were processed using WSXM [32] .
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